A R C Unit of Nitrogen Fixation, University of Sussex, Brighton BN1 9QJ, U.K. Nitrogenase, the enzyme system responsible for biological nitrogen fixation, has been the subject of numerous review articles, among which Eady & Postgate (1974) and are recent examples and may be consulted for primary references.
Nitrogenase from all sources examined so far consists of two oxygen-sensitive ironsulphur proteins; the larger tetrameric, Mo-Fe protein, contains at least three types of iron-sulphur centres (Smith & Lang, 1974) as well as molybdenum, and the smaller dmeric iron protein apparently contains only one type of iron-sulphur centre and is particularly oxygen-labile ( Table 1) . For enzymic activity, Mg2+ and substratequantities of ATP are needed; Nz is reduced to NH3 but other triply bonded substrates (CN-, N3-, CH3NC, CZHJ can be reduced in place of Nz. CO inhibits their reduction. The enzyme also reduces H+ to Hz, a reaction which is not inhibited by CO but is largely inhibited by other reducible substrates.
Experimental observations on the mechanism of nitrogenase action are consistent 
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active iron-sulphur centre of the Mo-Fe protein precedes substrate reduction, the Mo-Fe protein becoming fully reduced and e.p.r.-inactive in the steady state. At some point during turnover, after formation of the active enzyme complex, MgATP becomes hydrolysed to MgADP; ultimately MgADP and P, are released (step 4). At least two ATP molecules are hydrolysed for every electron transferred. The reductive cycle is initiated as oxidized iron protein becomes re-reduced (step 3), and the substrate-binding cycle is completed by release of the semi-reduced form of the Mo-Fe protein.
This outline description of nitrogenase action, necessarily brief, has been arrived at as a synthesis of ultracentrifuge, Mossbauer and e.p.r. studies (see reviews cited) supported by stopped-flow spectrophotometric studies (Thorneley, 1975) . It is clearly oversimplified and will require elaboration at almost every step. In particular the sequence of the reactions is not as definite as Scheme 1 would suggest and there is no compelling reason why the active complex should be regarded as dissociating at any point during turnover; both features have been introduced into Scheme 1 arbitrarily for clarity of exposition.
This contribution presents new data from our laboratory bearing in particular on the tertiary structure of the Mo-Fe protein and on the steps 1 4 in Scheme 1. For this work the nitrogenase proteins from K. pneumoniae and A . chroococcum were prepared in a high state of purity and homogeneity by a number of techniques (Eady et al., 1972; Smith et al., 1975 ; M. G. Yates & K. PlanquB, unpublished work). Table 1 gives data for the proteins used and indicates the code (Kpl, Kp2, Acl, Ac2) used in this communication; notice that the specific activity of protein Kpl is greater than that of Eady et al. (1972) , an improvement matched by an increased content of molybdenum and iron .
Subunits of Mo-Fe protein
Electrophoresis of various Mo-Fe proteins with sodium dodecyl sulphate gives evidence for sometimes one, sometimes two, classes of subunit (see reviews). In our hands either an impurity (probably dodecanol) in the sodium dodecyl sulphate or different gel-making procedures determines whether one or two bands are seen with protein Kpl or Acl, findings which raise the possibility that the presumptive subunits may be artifacts. Presumptive subunits of protein Kpl had mobilities corresponding to molecular weights of 51000 and 60000 and were present in equivalent amounts (Eady et al., 1972) . The subunits have been isolated, digested with trypsin and 'maps' of the resulting peptides prepared by two-dimensional electrophoresis and chromatography on paper. Their peptide 'maps' were highly distinctive and the peptide 'map' of undissociated protein was a clear hybrid of both, confirming our earlier report that protein Kpl is a heteromeric tetramer of two of each type of subunit.
Complex-formation
Evidence bearing on step 2 has been obtained by sedimentation-velocity studies of mixtures of protein Kpl +Kp2, Acl +Ac2 and the heterologous mixtures of proteins Kpl +Ac2 or Acl +Kp2. All showed the formation of a tight 1 : 1 molar complex in 25m-Tris-HC1 buffer, pH7.4, containing 10m-MgC1,. Binding was weakened by 5m-NazSz04 in the case of protein mixture Acl+Ac2 and suppressed completely in the case of protein mixture Kpl +Kp2. All such mixtures gave enzymically active species which showed decreased specific acetylene-reducing activity at high dilution ; association constants (assuming the formation of a 1 : 1 protein complex) derived from steady-state kinetic studies of such mixtures centred on 3 x 10-7~-1. With protein mixture Kpl +Kp2 the temperature-dependence of the association constant showed a sharp break from &€=O above 17°C to bH=418KJ*rnol-' below 17°C. An Arrhenius plot for the activity of the complex formed by the Klebsiella proteins was linear between 10°C and 40°C (AH: = 8OKJ*mol-'). Both analogues in the presence of ATP inhibited acetylene reduction by protein Kpl f Kp2 and permitted enhanced hydrogen evolution, though hydrogen evolution was inhibited by 35-55 % in the absence of acetylene (Table 2 ). ADP inhibited both acetylene reduction and Hz evolution. The electron transfer induced by ATP (3mh.r) from reduced protein Kp2 to semioxidized protein Kpl has a half-time (tl12) of 6ms according to e.p.r. rapid-reaction studies and stopped-flow spectrophotometry at 425nm, in which ATP was mixed rapidly with proteins Kpl +Kp2+ MgZ++NazSz04. Replacement of ATP by equimolar ATP (y-S) gave a slow absorption change (tllz = 1 s) with a smaller amplitude. Equimolar ATP(B,y-NH) induced a very slow change (tllz = 200s) accompanied by loss of the e.p.r. signal of protein Kp2 but no concomitant change in the e.p.r. signal of protein Kpl. The half-lives of these changes are in the order of the labilities of the y-terminal groups of ATP and the two analogues.
These observations collectively suggest that ATP has at least two effects which the analogues mimic to different extents: one concerned with an oxidation of reduced protein Kp2, another related to acetylene reduction but possibly not to Hz evolution.
Interaction with sodium dithionite (steps 3 and 4)
Like protein Kp2 and the analogous protein from Azotobacter uinelandii and Clostridium pasteurianum (see the reviews), purified protein Ac2 shows an e.p.r. signal in the reduced form which changes from rhombic to axial symmetry when Mg-ATP is added (step 1). Purified protein Ac2 can be oxidized with only marginal loss of activity with phenazine methosulphate, yielding an e.p.r.-inactive species. Stopped-flow spectrophotometry at 430nm in 25m~-Tris-HCl buffer, pH 7.4, containing IOmM-MgZ+ was used to study its interaction with Na2S204 (step 3) and showed three distinct phases, the The first ferredoxin to be isolated was probably the soluble two-iron ferredoxin involved in NADP+ reduction in oxygen-evolving photosynthetic organisms. This red protein isolated by Davenport et al. (1952) was shown by Arnon (1965) to be an electron carrier between Photosystem I and the flavoprotein NADP reductase. It is the only readily soluble component of the photosynthetic electron-transport chain. It and the a v oprotein reductase are the only components of the chain whose functions can be completely defined. This ferredoxin has a redox potential Photosystem I in chloroplasts is able to reduce low-potential dyes under conditions that indicate a mid-point redox potential for the membrane-bound electron carriers of Photosystem I of about -550mV (Black, 1965) . Photosystem I will undergo photochemical reactions at cryogenic temperatures which can be monitored by the photooxidation of the reaction centre chlorophyll P700. Under most conditions this lowtemperature photo-oxidation is essentially irreversible indicating that the electron acceptor is closely associated with the P700 and bound to the membrane. The identity of the primary electron acceptor and of the subsequent electron-transfer reactions are of considerable importance to an understanding of the mechanism of the photochemical reactions and in the possible use of chloroplast systems as solar-energy converters. The very low redox potentials required for the primary electron acceptor suggested that iron-sulphur centres might be candidates for this function. Malkin & Bearden (1971) showed that chloroplasts contain iron-sulphur proteins, ('bound ferredoxin') = 420mV.
